A new bathymetry for the southeastern Filchner-Ronne Ice Shelf: implications for modern oceanographic processes and glacial history.
Introduction
Ice discharge from the Antarctic Ice Sheet (AIS) occurs primarily through ice shelves by iceberg calving and basal melting . Ice shelf thinning can lead to a reduction in the buttressing effect that the ice shelf can exert on grounded ice, thereby increasing ice discharge across the grounding line and into the ocean [Thomas, 1973; Hughes, 1973] . The recent breakup of small ice shelves on the Antarctic Peninsula has led to an increase in ice flux from these areas [Rott et al., 2002; Scambos et al., 2004; Dupont and Alley, 2005] , prompting the suggestion that the thinning or breakup of much larger ice shelves could result in considerable sea level rise [Payne et al., 2004; Reese et al., 2018] . Interactions with the ocean at the base of the ice shelves -melting and refreezing -therefore have consequences for both ice sheet stability and ocean circulation. In these ways, the floating ice shelves that surround much of the Antarctic continent play an important role in the global climate system.
The Filchner-Ronne Ice Shelf (FRIS) is by volume the largest body of floating ice in the world [Fox et al., 1994] and accounts for ∼11% of ice discharge from the AIS [Gardner et al., 2018] . It is flanked to the North by the Weddell Sea, which is the source of about 40% of Antarctic Bottom Water (AABW, Meredith 2013), making this region an important part of the global thermohaline circulation. In addition, many of the largest ice streams of the marine-based West Antarctic Ice Sheet (WAIS) drain into the FRIS. Although its importance has led to considerable effort going into studying the FRIS, its size and remoteness mean that measurement coverage remains sparse.
The highest rates of ice shelf thinning around Antarctica currently occur where relatively warm ocean waters have access to the ice shelves' bases, often via deep troughs Pritchard et al., 2012; Paolo et al., 2015] . Although currently a "cold cavity" ice shelf, recent model simulations have revealed that the FRIS might be vulnerable to intrusions of relatively warm water into the Filchner Trough [Hellmer et al., 2012; Timmermann and Hellmer, 2013] , leading to accelerated sea level rise [Thoma et al., 2015] . A key uncertainty in model simulations of this kind results from the uncertainty in the shape of the ocean cavity beneath the ice shelf. Deep troughs play a critical role in providing access to the ice shelf base far from the ice front and the interactions of tidal currents (which are generally strong beneath FRIS) with topography have important effects on the melt rate distributions [Mueller et al., 2018] . Airborne radar can provide detailed maps of ice thickness, but cannot penetrate the water cavity beneath ice shelves to measure its geometry. Inverting for water column thickness from gravity measurements is a possible approach, but one that is sensi-tive to assumptions about the local geological properties [Brisbourne et al., 2014] . Although labour intensive, seismic techniques remain the only reliable and direct way to measure ice shelf cavity geometry far from their open ocean boundaries. This paper presents results from several recent seismic surveys of the southeastern FRIS ( Figure 1 ). This area was targeted because prior to this study it had some of the sparsest data coverage of the major Antarctic ice shelves. Furthermore, current theories on the circulation beneath the FRIS suggest that water flows through this area between the Filchner and Ronne portions of the FRIS, connecting them thermally and acting as a conduit for increased ocean heat transport towards the deep grounding lines under climate change [Timmermann and Goeller, 2017] . Combining our new results with existing data in the region, we produce a grid of the sub-ice-shelf bathymetry and water column thickness, revealing new features that help enhance our understanding of the ocean circulation and paleo-ice-stream flow in this area and providing a more accurate framework for ice-ocean modelling of the FRIS.
Data and methods

Data acquisition
The data were collected over the course of three seasons by a number of field parties, consisting of two main surveys during the 15/16 and 16/17 austral summers and several smaller surveys, as part of a joint initiative between the British Antarctic Survey (BAS) and the Alfred-Wegener-Institute (AWI) in the framework of the "Filchner Ice Shelf System" (FISS) and the "Filchner Ice Shelf Project" (FISP). A total of 256 point seismic measurements were made, of which 248 had clearly visible reflections and were deemed usable. In addition to the standard seismic recordings used to determine ice and water column thickness, 22 refraction measurements were made at five sites across the region to better constrain seismic velocities in the firn (Figure 1 ). For the bulk of measurements (∼85%), acquired during the two main surveys, acquisition methodology was kept consistent.
A powered auger was used to drill shot holes of ∼5 m depth, which were then loaded with 150-300 g of high explosives. From each shot hole, a line of 24 receivers were buried to a shallow and consistent depth to ensure good coupling with the snow and reduce wind noise. Receivers were spaced at 10 m intervals, with the first receiver offset from the shot hole by 30 m. The shot hole was backfilled and a seismic timer was used to detonate the explosives and simultaneously trigger the seismograph. A 24-channel Geometrics Geode data logger was used with a 0.25 ms sampling interval and total record length of 4096 ms. An example recording is shown in figure 2a.
The remaining (∼15%) measurements were acquired using a hammer-seismics approach, whereby a plate was struck with a ∼7 kg sledgehammer, acting as seismic source and also initiating the seismograph recording using a piezoelectric trigger. In order to compensate for the reduced source strength, 5-15 recordings were made at each location and subsequently stacked to improve the signal to noise ratio (SNR). Apart from the difference in seismic source, these sites used the same methodology as the main surveys.
Seismic reflection quality was generally good except in a few heavily crevassed areas. For the vast majority of seismic records, the seabed reflection was clearly visible in the raw data ( Figure 2 ). At some sites, a frequency-wavenumber filter was used to reduce ground-roll noise and help identify reflections with more certainty. In even fewer cases an automatic gain control (AGC) filter was also used, to reveal the ice base multiple in order to further clarify ambiguous reflections. Wherever possible, the picking was done from the raw data even if a filter was used to help identify reflections, since filtering can lead to a phase shift in the arrival times. At five sites it was not possible to unambiguously identify ice and water base reflections even after filtering and these points were not included in the final dataset. 
Seismic velocities in ice and water
Values for seismic velocity in ice and water are needed in order to convert measured arrival times to ice and water column thicknesses. Boreholes have been drilled at five sites in the region (cyan diamonds in figure 1) in order to access the sub-ice-shelf cavity. Vertical conductivity, temperature and depth (CTD) profiles from the ice base to just above the seabed were undertaken at each of these sites, and these data were converted to depthaveraged seismic velocity of the water column. The seismic velocity derived in this manner varied from 1452.39-1454.70 m s −1 and for each point in the bathymetric survey the value from the closest site was used to derive water column thickness.
Five shallow refraction surveys were conducted throughout the study region (blue circles in figure 1) in order to determine seismic velocity within the top 100 m of the ice shelf. At each of the refraction sites, a series of shallow surface shots were carried out, with receiver spacing gradually increasing, from 2.5 to 920 m offset. The traveltimes of the first arrival at each receiver were then used to obtain a velocity-depth profile ( Figure S1 ), using the method described by Kirchner and Bentley [1990] which assumes that seismic velocity increases monotonically with depth. Large amounts of surface melting might compromise this assumption by generating layers of ice with different seismic velocity. Thick layers would be visible as discontinuities in traveltime at successive receivers but given that the traveltime at all sites is smooth and continuous ( Figure S1 ), and that estimates of summer melting in this region are very low [Trusel et al., 2012] , the assumption is reasonable.
The resulting correction to surface seismic velocity from the nearest borehole was used at each of the 248 measurement sites. An additional correction was made to compensate for the shot hole depth, using the seismic velocity profile described above and the recorded depth (typically ∼5 m).
The refraction approach outlined above provides seismic velocity in the upper 100 m of ice. Below this depth, we assume that ice density is constant and so seismic velocity will depend on ice temperature. Measurements of ice temperature were made through a borehole near site E (marked in figure 1 ). Ice temperature at a depth of 100 m was -28 • C and remained around this value to within ∼150 m of the ice base, at which point the ice temperature increases with depth, reaching -2.6 • C at the base of the shelf. Similar temperatures at approximately 100 m depth were also observed at the borehole sites marked with cyan diamonds in Figure 1 . Using the temperature-velocity relation of Kohnen [1974] yields a depth averaged seismic velocity below the top 100 m of 3861 m/s.
Since the ice thickness at borehole E (∼762 m) is similar to the mean thickness of the shelf across all sites (∼840 m) we assume that this temperature is broadly representative of ice temperatures below 100 m for the entire region. The assumption that ice temperature varies linearly from 100 m depth to the ice base [e.g. Smith and Doake, 1994; Johnson and Smith, 1997; Nost, 2004; Brisbourne et al., 2014] is clearly not appropriate in this region, and would result in average velocity in ice of 3825 m/s. Regardless, an uncertainty of ±20 m/s introduces an error of ±0.5%, which is small compared with other sources. We use the average seismic velocity described above, together with the surface correction from the nearest refraction site, to convert traveltimes to ice thickness. Spatial variability in seismic velocity, arising from variation in surface ice properties as determined by the refraction experiments, is very small ( Figure S1b ).
Uncertainties
There are three main sources of uncertainty in the estimates of ice and water column thickness: uncertainty in picking of reflections; uncertainty in the seismic velocity of ice and water; and uncertainty in the shape of the seabed and ice base. We attempt to quantify these uncertainties in order to provide error estimates for ice and water column thickness at each site.
Picking of ice and seabed reflections was repeated on three separate occasions for each site in order to help quantify the error. For the vast majority of sites, determining the timing of the first arrival for each reflection was possible to within 0.5 ms (approximately equivalent to thickness uncertainties of 0.7 m and 1.9 m for water and ice, respectively). At a few sites, particularly near the Foundation Ice Stream (FIS) grounding line, the first arrival was less sharp and so the picking error was greater. The picking error, as determined by repeatability and ambiguity of the first arrival, was estimated for each reflection at each site and contributes to the final error estimate.
Uncertainty in the seismic velocity of ice is discussed in Section 2.2. A conservative estimate is that our assumptions lead to an error of ±20 m/s in seismic velocity, corresponding to an error in ice thickness of ±10 m for typical ice thicknesses in the region. Seismic velocity in seawater is better constrained and shows less spatial variability. The spread of seismic velocities measured by CTDs would suggest a possible uncertainty of ±2 m/s, less than 0.2% of the mean value. This corresponds to an error of up to ±2 m depending on the total water column thickness.
A final potential source of uncertainty is in the shape of the ice base and seabed [Nost, 2004] . Our calculations of ice and water column thickness from traveltimes assume that the ice-water and water-bed interfaces are horizontal and planar. Where this is the case and given a seismic velocity, a characteristic parabola can be fitted to the normal moveout (NMO) deviation of the traveltime along the receiver array. Deviation from the NMO, which would be indicative of a sloping interface, was measured as the time difference between the arrival time at the last receiver and the expected arrival time for a horizontal and planar reflector. Large slopes on the base of floating ice would be unexpected and indeed the largest NMO deviation was 2 ms across the entire region. In general, NMO deviation for the seabed was also small; 93% of sites had an NMO deviation of less than 5 ms and only three sites had an NMO deviation of greater than 10 ms. A proper assessment of the interface geometry would require multiple shots at different angles across the slope and this was not done, however the NMO deviations at the vast majority of sites are sufficiently small that the seabed slope and hence water column thickness error will be small (<10 m, Brisbourne et al. 2014) .
Gridding
The main result of the seismic surveys described above, combined with estimates of seismic velocity, is a collection of 248 new point measurements of ice and water column thickness. Existing seismic data in the region consists largely of data that are included in Bedmap2, arising from a number of previous surveys (230 points, black crosses in figure 1, Behrendt et al. 1974; Pozdeev and Kurinin 1987; Mayer et al. 1995; Johnson and Smith 1997; Vaughan et al. 1995; Lythe and Vaughan 2001) , together with a closely spaced line of seismic measurements near FIS that has not been previously included in any grid of subice-shelf topography (106 points, cyan dots in figure 1, Lambrecht et al. 1997 ).
Ice-shelf geometry can be defined most simply by three measurements: surface elevation, ice thickness and bed topography. Our strategy for producing a new regional digital elevation model (DEM) was to focus entirely on bed topography beneath the ice shelf. Everywhere in the grid domain, ice thickness and surface elevation are set equal to Bedmap2. On grounded ice, and along a 10 km boundary around the domain, bed topography is also the same as in Bedmap2. This results in a seamless transition between the old Bedmap2 grid and this new regional grid and no change in the grounding-line position from Bedmap2, which is well constrained by a combination of MODIS imagery and SAR interferometry [Fretwell et al., 2013] . One consequence of this approach is a slight inconsistency, since we use our seismic-derived ice thickness measurements to give sub-ice-shelf bathymetry at each point, but use Bedmap2 ice thickness when producing the grid of water column thickness. This was done to avoid re-gridding Bedmap2 ice thickness which would further complicate any comparison, and the resulting mismatch between the two ice thicknesses is generally small ( Figure S2 ). This only affects our map of water-column thickness, since that is the only stage at which we use the Bedmap2 ice thickness grid.
Each of the 587 point measurements of ice and water column thickness can be converted to bed topography, given the surface elevation. These points are then combined with the bed topography on grounded ice and around the edge of the domain and gridded using the ArcGIS Topogrid algorithm [Hutchinson, 1988] . Considerable effort went into validating this gridding algorithm for use in Bedmap2 [Fretwell et al., 2013] and, although various algorithms were tested on this dataset, we do not repeat that discussion here. The mean distance between seismic measurements on the ice shelf in this new combined dataset is 6 km and all the major features that we discuss herein are robust, i.e. not dependent on any particular choice of gridding algorithm.
Results and Discussion
A map of seabed elevation in the region, resulting from gridding all available seismic data as described in Section 2.4, is shown in figure 3 . In order to aid our discussion, we highlight areas of particular interest where the vast majority of data are new (panels b, c and d) and compare these with bed topography from Bedmap2 (outlined in red in each panel). We make a comparison with Bedmap2 because this remains the most widely used and up-to-date grid of sub-ice-shelf bathymetry beneath the FRIS. Our aim in making the comparison is not to show the inaccuracies in Bedmap2; given the previously poor coverage in our study area these are unsurprising. Rather, the comparison helps interpretation of the new bathymetry by highlighting features that have been missed previously and will undoubtedly affect oceanographic and glaciological processes in the region. An equivalent map of water-column thickness is shown in figure 4 and transects across noteworthy features (whose locations are identified in figure 3 ) are shown in figure 5.
Implications for ocean circulation and sub-ice-shelf melt rates
Over continental shelves the details of the ocean circulation are strongly dependent on local topography. The sea-floor topography helps determine the flow of dense gravity currents; the water-column-thickness distribution guides barotropic flows; and, in sub-ice-shelf cavities, the ice-base topography largely determines the flow of buoyant gravity currents.
The ocean circulation beneath FRIS has been described by Nicholls et al. [2009] with a revision to the pattern beneath the northern Filchner Ice Shelf presented by Darelius et al. [2014] . Broadly, dense water is produced north of the Ronne Ice Shelf Front by intense sea ice formation, resulting in a flow of water at the surface freezing point into the sub-ice-shelf cavity, along the downward-sloping sea floor. This is the water that supplies the heat for melting at the ice shelf's base. The water circulates anticyclonically around Berkner Island, to exit the cavity, chilled and slightly freshened, at the Filchner Ice Shelf Front. South of Berkner Island, the bathymetry in Bedmap2 was based on very sparse data coverage, and the interpretation of available sub-ice-shelf oceanographic data [e.g. Nicholls et al., 2001; Nicholls and Osterhus, 2004] was heavily caveated as a result. Similarly, the results of ocean models had to be interpreted with caution in this region, although models with spatial resolutions high enough to be significantly affected by the lack of reliable topographic data are only now being applied [e.g. Mueller et al., 2018] .
From the main panel in figure 3 , the most obvious feature in the new bathymetry is a sill running across the channel from the southeastern coast of Berkner Island to the mainland, shown in more detail in panel (c). This feature exists in a much weaker form in the Bedmap2 grid, although with no supporting data. The map of water column thickness in figure 4 reveals that the sill results in a narrowing of the sub-ice-shelf cavity, which is as lit- The sill borders a deep depression north of Foundation Ice Stream that can potentially capture dense water flowing from the Ronne Ice Shelf Front. Water flowing eastwards at depths greater than the sill, around the southern tip of Berkner Island, would be expected to be diverted southwards by the sill, across the channel, and then enter a cyclonic circulation within the depression. This is the water that then provides heat for melting the deep Foundation grounding line. The water in the depression would only escape to the east, via the Filchner Ice Shelf cavity, when it had been freshened sufficiently by mixing with meltwater to become less dense and thus to be able to clear the sill's top. Figure 3b shows the topography of the depression west of the sill in more detail, suggesting a more meandering route for the very deepest water flowing southwards from the Ronne Ice Shelf Front. The water column thickness also indicates that this is the likely trajectory for the barotropic component of flow (Figure 4) . A high in the seabed topography, clearly visible in Figure 3b , was poorly resolved and less prominent in Bedmap2 (outlined in red, same panel). It rises steeply on all but its eastern flank, with an elevation change of almost 400 m to the south, and 300 m to the north and west. A transect across its shallowest point is shown in figure 5d .
Three major ice streams flow into the study region: Möller Ice Stream, Foundation Ice Stream and Support Force Glacier (Figure 1 ). Of these, Foundation Ice Stream is by far the largest, with an ice flux of 33 Gt yr −1 , making it the third largest ice stream feeding into the FRIS by this metric, and the second largest by catchment area [Joughin and Bamber, 2005] . A recent study has highlighted the vulnerability of Foundation Ice Stream to ice-shelf thinning due to loss of buttressing [Reese et al., 2018] . At the same time, Mueller et al. [2018] showed that the melting response to ocean warming at Foundation Ice Stream strongly depends on the cavity shape, highlighting the importance of accurate bathymetry data for future predictions, which are particularly pertinent in this area. Indeed, melt rates in excess of 5 m a −1 are currently estimated along the outflow of FIS [Moholdt et al., 2014] , suggesting that considerable heat is available in this portion of the ice-shelf cavity.
A deep elongate trough just in front of the Foundation Ice Stream grounding line is confirmed by our new data as being continuous, whereas in the Bedmap2 grid it is interrupted by a marked sill (Figure 3d and figure 5e ), with a rather small water-column thickness near the grounding line (likely an artifact of the gridding). From an oceanographic point of view, the absence of a sill implies an absence of any topographic barrier to dense, relatively warm water coming into contact with the deep grounding line of Foundation Ice Stream. This explains the relatively high melt rates that already exist in the area, but also raises the possibility of increased melting in the future.
The bathymetry in front of Support Force Glacier was completely unknown prior to this study but is now captured relatively well (Figure 1) . At the grounding line, a deep basin is present, but continues only a short distance before encountering a small sill (Figure 5c ). This would suggest that Support Force Glacier is less vulnerable to oceanic melting compared with Foundation Ice Stream.
Ocean tidal modeling
Ocean tides can have a significant impact on circulation and melting/refreezing beneath an ice shelf cavity by increasing turbulence (and thus mixing) close to the ice base. Beneath the FRIS, which is subjected to the largest tides in Antarctica [Padman et al., 2002 , including tides in an ocean model can greatly increase melting and refreezing rates [Makinson et al., 2011; Mueller et al., 2018] . The interaction of tidal currents with topography is also found to play an important role in modulating the melting response to potential ocean warming, with local and non-local feedbacks as a response to a changing cavity shape [Mueller et al., 2018] . Hence, the new bathymetry presented here will likely lead to large changes in tidal currents beneath the FRIS.
To explore how the new bathymetry presented herein might alter tidal currents, the Finite Volume Community Ocean Model (FVCOM, described in Appendix A) was run with both the new and the original Bedmap2 bathymetry in a two dimensional tidal configuration. Figure 6 shows the sum of the major axis tidal current velocities for the four main constituents (M 2 , S 2 , N 2 , K 1 ) for the new bathymetry (panel a), together with the difference between the tidal current amplitudes for the new bathymetry and Bedmap2 (panel b). The largest differences include a reduction in tidal current velocity resulting from an increase in water-column thickness near major ice stream grounding lines in the new grid domain, which is found to have large consequences for basal melting (not included in our model) in those regions [Mueller et al., 2018] . Similar sensitivities were found by Padman et al. [2018] , who showed that tidal amplitudes near the grounding lines of the southwestern Ronne Ice Shelf were greatly improved when applying a deeper and more realistic bathymetry in the fjords. Interestingly, large differences in tidal currents are also found outside of the area of modified bathymetry (outlined in cyan in Figure 6a ), highlighting the non-local effects of bathymetry variations.
Comparing the simulations with observed tidal currents at six borehole locations on the Filchner and eastern Ronne Ice shelves (not shown), the RMS error is slightly improved with the new bathymetry (6.28 cm s −1 , as against 6.66 cm s −1 using the Bedmap2 bathymetry). In particular, the increase in tidal velocities along the western Filchner Trough matches well with the observations, whereas increased velocities at the south-western tip of Berkner Island lead to a poorer fit at that site (borehole E in Figure 1 ). While the fit could probably be improved by further tuning, a possible explanation is that the boundary conditions for our forward model were taken from a tidal assimilation that employs the original bathymetry [Padman et al., 2002] and may match less well with the new geometry. The significant reduction in water-column thickness at the newly mapped sill across the channel near the southern tip of Berkner Island is likely to affect the tidal Kelvin waves that propagate from the Ronne into the Filchner cavity [Makinson and Nicholls, 1999; Nicholls et al., 2009] , causing differences in tidal resonance.
Implications for glacial history
Our improved bathymetric grid can also provide insights into the glacial history of the Weddell Sea Embayment and in this context the sill between Berkner Island and the mainland (Figure 3c ) is of particular interest. Ice-sheet models [e.g. le Brocq et al., 2011; Golledge et al., 2012] and marine geological reconstructions suggest that at the Last Glacial Maximum (LGM; ca. 19-25 ka before present [B.P.]) Foundation Ice Stream, and possibly even Moller and Institute ice streams , which all feed into the Ronne Ice Shelf today, drained into a grounded ice stream flowing through Filchner Trough across the continental shelf. The advance of the Filchner paleo-ice-stream onto the outer continental shelf is documented by the presence of subglacial bedforms and sediments on the seabed [Hillenbrand et al., 2014 Larter et al., 2012; Stolldorf et al., 2012] but seems to be at odds with terrestrial geological reconstructions indicating only very limited ice-sheet thickening in the Ellsworth and Shackleton Mountains at the LGM [Bentley et al., 2010; Hein et al., 2011] . Whitehouse et al. [2017] recently published a numerical flow-line-modeling study constrained by new data on LGM ice-sheet thickness and post-LGM ice-sheet thinning adjacent to Foundation Ice Stream [Balco et al., 2016; Bentley et al., 2017] and Bedmap2 bathymetric data. The model experiments identified two alternative stable LGM grounding-line positions for the Filchner paleo-ice-stream: one position coincides with the continental shelf edge and the other position is located on a small bathymetric high level with the northern margin of Berkner Island, which was not overridden by inland ice at the LGM [Mulvaney et al., 2007] .
We suggest that the prominent bathymetric high identified in our study formed an important pinning point where the grounding line of the Filchner paleo-ice-stream halted for some time during post-LGM retreat. In contrast, it is unlikely that the shallow marks the LGM grounding-line position. This is because new subglacial bedform and chronological data collected from the outer shelf part of Filchner Trough show that the grounding line was located there until after 11.8 ka B.P. and retreated onto the inner shelf before 8.7 ka B.P. [Arndt et al., 2017] , possibly to the bathymetric sill NE of today's Support Force Glacier grounding line. Subsequent retreat from this pinning point probably coincided with a period of maximum ice-sheet thinning between 8.9 and 5.2 ka recorded adjacent to Foundation Ice Stream [Balco et al., 2016; Bentley et al., 2017] .
Conclusions
We have presented the results of a bathymetric survey of the southeastern FRIS. The bathymetry in this portion of the ice shelf has, until now, been very poorly constrained. Using the ice surface and thickness products from Bedmap2 and collating all new and previous measurements of sub-ice-shelf bathymetry in the area has allowed us to produce new maps of bed topography and water-column thickness.
A comparison between the new grid of sub-ice-shelf bathymetry and the widely used Bedmap2 product reveals several features that were previously either under-sampled or missing altogether. In particular, the presence of a sill between Berkner Island and the Antarctic mainland has important implications for the exchange of water between the Ronne and Filchner ice-shelf cavities, potentially forming a barrier preventing the deepest water from flowing eastwards until it has been sufficiently freshened by mixing with meltwater. The sill also has implications for our understanding of the development of the Filchner paleo-ice-stream, and incorporating our new bathymetric data into flow-line models may lead to further insights into its post-LGM retreat history and dynamics. At the outlet of Foundation Ice Stream, a sill previously present in bathymetric grids has been confirmed as a gridding artefact. The trough emerging from the grounding line continues northwards uninterrupted, allowing relatively warm water to access the deepest parts of the ice shelf where it has a high melting potential.
Ocean tides are highly sensitive to bathymetry and changes in turbulent mixing within the ice-shelf cavity could lead to large changes in melting and refreezing rates. A regional ocean model found large differences in tidal-current velocities within the entire FRIS cavity arising from changes in bathymetry within the gridded region, as compared with Bedmap2. The model shows that accurate local topography is important for tidal effects on melting near the deep grounding lines, but also alters the tidal resonance of the cavity as a whole.
The FRIS and the ocean cavity beneath it form an important and complex part of the climate system. Accurate bathymetric data are essential for improving models of the iceocean interactions in this area. The increasingly high spatial resolution used in ocean models beneath ice shelves means that the availability of high quality bathymetric grids is becoming more and more important. The greatly improved coverage in this area will not only help enhance our understanding of the present-day oceanography beneath the ice shelf but also allow for improved predictions of mass loss from the AIS in its Weddell Sea sector and thus better projections of global sea level rise in the future.
A: Ocean model description
Simulations of barotropic (two dimensional) tidal currents for the new and Bedmap2 cavity geometries were performed using the Finite Volume Community Ocean Model [Chen et al., 2003] , which solves the prognostic free-surface primitive equations for momentum and continuity on a triangular unstructured grid in the horizontal direction, and employs a terrain following vertical coordinate that is augmented to include a freely floating ice-shelf geometry. The common problem of terrain-following coordinate models in representing steeply sloping topography is absent in the two-dimensional configuration, such that the model is run with the un-smoothed topographic fields, including a vertical ice front and a minimum watercolumn thickness near the grounding lines of a few meters, which can be maintained under larger tidal amplitudes by employing a wetting and drying scheme, although wetting beyond the prescribed grounding lines is not permitted.
The regional configuration covers the FRIS cavity and adjacent continental shelf, with an open boundary that extends into the deep Weddell Sea, crossing the shelf break at 17 • W and 53 • W respectively. The horizontal grid spacing varies from 800 m in the Filchner Trough region from the continental shelf break and into the Filchner cavity to 1.5 km over the greater vicinity of Berkner Island (approximate radius of 250 km) and to 3 km in the remainder of the domain. The model is forced along the open boundary with sea-surface elevation changes induced by the major tidal constituents M2, S2, N2, K1 that were obtained from an Antarctic tidal assimilation [Padman et al., 2002] . A quadratic friction law at the seabed and the ice-shelf base and resolution dependent viscosity are employed for dissipation, as well as a sponge region to minimize spurious reflections at the open boundary. The model is run for a simulation time period of three arbitrary months and the tidal velocities are obtained from harmonic analysis of hourly time series from the last simulation month.
